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’ INTRODUCTION
Electrode materials for lithium ion batteries require high ionic
and electronic conductivities, high capacity, low cost, and
environmental compatibility. The cathode material LixFePO4
1
meets many of these criteria, but it has the electronic structure of
an insulator. The electrical conductivity of LixFePO4 has been
enhanced by carbon coating,26 but there may be an additional
improvement by preparing this material in nanocrystalline form.
Several methods of nanocrystal synthesis have produced better
electrochemical performance and faster charge conduction as
compared to large crystals of LiFePO4.
715 Recent experiments
and simulations have addressed how nanocrystals of LixFePO4
have altered kinetics and thermodynamics,1522 but there have
been few basic studies on electron mobility.
Small polaron hopping23 is the likely mechanism for charge
conduction in olivine LixFePO4.
24,25 A small polaron includes
the displacements of the positions of neighboring atoms when
there is a change of valence at a central atom. For example, the
FeO bond distance shortens by about 5% if an Fe2þ ion loses
an electron to become an Fe3þ. Moving this electronic hole to an
adjacent Fe site requires moving the local distortion too, often
immobilizing the charge at low temperatures. The charge plus
distorted environment, called a small polaron, moves at higher
temperatures when atomic vibrations bring the local atomic
structure of the adjacent site to a configuration compatible with
bond distances and angles for Fe3þ. The electron then moves
more rapidly than the ions. The thermally activated polaron
hopping frequency f(T), as explained by Mott,23 is
f ðTÞ ¼ ν e
2
r
1
kBT
cð1 cÞe2RreQ=kBT ð1Þ
which includes the frequencies, ν, of phonons that move adjacent
Fe and O atoms, the concentrations of the Fe2þ and Fe3þ, c and
1  c, an overlap of the adjacent Fe electron wave functions
across the distance r, and an activation energy for achieving the
conditions for polaron hopping, Q. For bulk LiFePO4, an
assessment of Q gave a value of approximately 650 meV.26
Density functional theory calculations on free polaron motion
gave a much lower value of 200 meV. However, because the
polaron environment is likely affected by the presence of Liþ
ions, a higher activation energy is expected.25
M€ossbauer spectrometry gives a view of the electron density
and electron dynamics from the perspective of nuclei of iron
atoms. The static electron density was used to characterize the
fractions of heterosite (Li-poor) and triphylite (Li-rich) phases in
LixFePO4 by M€ossbauer spectrometry measurements on sam-
ples in an electrochemical cell.27 Previous studies on Fe2þ/Fe3þ
mixed-valence systems showed how the dynamics of thermally
activated charge transfers cause distortions of M€ossbauer
spectra.2830 More recently, small polaron hopping in LixFePO4
was studied by measurements at elevated temperatures of Fe
isomer shifts (ISs; characteristic of the charge density at 57Fe
nuclei) and electric quadrupole splittings (EQSs; characteristic of
the electric field gradient, EFG, at 57Fe nuclei).3133 Especially at
temperatures approaching 200 C, rapid valence fluctuations
were seen clearly in the solid solution phase of LixFePO4,
although not in two-phase mixtures of the equilibrium heterosite
and triphylite phases.32,33 These charge dynamics showed only a
weak dependence on the concentration of Li, x, but the difference
between activation energies for Fe2þ (approximately 510 meV)
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ABSTRACT: Two-phase mixtures of Li0.5FePO4 with crystal sizes as small as
25 nmwere prepared by solid-state reaction, ball milling, and chemical delithiation.
M€ossbauer spectra of nanocrystalline Li0.5FePO4 found evidence for a thin layer of
Fe3þ at the crystal surfaces. Spectra acquired at temperatures from 25 to 225 C
showed thermally driven electronic relaxations, where the electric field gradients
(EFG) of the main Fe3þ and Fe2þ spectral components decreased with tempera-
ture. The isomer shifts (IS) of Fe3þ and Fe2þ showed similar thermal trends,
indicative of valence fluctuations caused by small polaron hopping. The activation
energies obtained from the temperature dependence of the EFG were 410 meV for
Fe3þ and 330 meV for Fe2þ, and an activation energy of 400 meV was obtained for the IS of both. The rapid valence electron
hopping between Fe sites is intrinsic to electronic conductivity in LixFePO4, which is calculated to be higher than most reports for
bulk material.
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and Fe3þ (approximately 570 meV) suggests an additional
electronic effect on Fe2þ caused by Liþ ion motions.33
The EQS is sensitive to the structural and electronic environ-
ment of 57Fe atoms, and when there aremultiple environments in
a sample, it is typical to observe a distribution of EQSs. An EQS
distribution can be obtained by fitting the measured spectra to
sums of doublets with various centroid shifts (i.e., ISs).We used the
software package of Le Ca€er and Dubois34 to analyze the spectra
in this study. In the present study of nanocrystalline Li0.5FePO4
prepared as a mixture of heterosite and triphylite phases, the
interpretation emphasized the effects of temperature on change
dynamics, not local environments. Unlike LixFePO4 with large
crystals studied previously as a two-phase mixture of heterosite
and triphylite,32,33 thermal relaxations of the EQS and IS in
nanocrystalline Li0.5FePO4 were observed at temperatures below
200 C. This indicates a much faster rate of small polaron
hopping and electron dynamics in nanocrystalline material with
similar phases. In addition, we report evidence that the nano-
crystalline materials have an enrichment of Fe3þ at crystal
surfaces.
’EXPERIMENTAL SECTION
Nanocrystalline LiFePO4 was prepared by a solid-state reac-
tion with precursors of Fe(C2O4) 3 2H2O, NH4H2PO4, and
Li2CO3, followed by milling in a Fritsch planetary ball mill, as
described previously.35 The LiFePO4 crystal size was controlled
by varying the ball-to-powder weight ratio and milling time. The
two-phase mixture of nano-Li0.5FePO4 was prepared by chemi-
cally oxidizing Fe2þ in an acetonitrile solution with NO2BF4.
A PANalytical X'pert PRO X-ray diffractometer (XRD) with Cu
KR radiation, a ZEISS 1550 VP field-emission scanning electron
microscope (FE-SEM), and a Tecnai F30 transmission electron
microscope (TEM) were used to determine crystal sizes, micro-
structure, and phase fractions.
M€ossbauer spectrometry was performed in transmission geo-
metry, with a 57Co in Rh source mounted on aWissel MVT1000
Doppler drive unit. Data acquisition and synchronization were
controlled by a LabVIEW system with a buffered counter.
Velocity calibration of the spectrometer was referenced to room
temperature R-Fe spectra. For in situ measurements, samples
were heated in an electrical resistance furnace at fixed tempera-
tures, monitored by a few thermocouples. Spectra were acquired
for 12 h after 1 h of equilibration at each temperature. After they
were cooled back to room temperature, the samples were
checked again by XRD and M€ossbauer spectrometry to deter-
mine phase fractions. Distributions of EQS energies (EQ) were
analyzed by the method of Le Ca€er and Dubois34 using a linear
correlation between IS and quadrupole splitting for each valence.
’RESULTS
The as-prepared LiFePO4 (bulk-LiFePO4) was confirmed by
XRD to have the olivine structure with a large crystal size,
consistent with the 300 nm estimated from SEM and TEM. Using
the HallWilliamson method to interpret the X-ray line broaden-
ing,36 the ball-milled nanocrystalline LiFePO4 had a characteristic
crystal size of 25 nm. The SEM and TEM images showed
an aggregation of the nanocrystals into secondary particles of
0.51 μm (Figure 1).
Figure 2 shows M€ossbauer spectra measured at room tempera-
ture on 25 nm LixFePO4 two-phase mixtures, with x = 0.65, 0.5,
and 0.35. The two different valences, Fe3þ and Fe2þ, characteristic
of heterosite and triphylite, respectively, show distinct EQSs and
ISs. Consistent with previous work33 on 300 nm bulk-LixFePO4,
spectra of the two-phase mixtures are approximately linear combi-
nations of the two doublets of Fe3þ and Fe2þ.
For the 25 nm nanocrystalline LixFePO4 (x = 0.65, 0.5, and
0.35), two maxima from Fe3þ and Fe2þ are prominent in
distributions of the EQS energies, P(EQ) (peaks 1 and 2 in
Figure 3a). The areal fractions of Fe3þ and Fe2þ, integrated from
P(EQ) in Figure 3a, are consistent with their molar concentra-
tions from Rietveld refinement of XRD patterns. Although XRD
shows only two phases of triphylite and heterosite in the three
samples, there is an extra intensity observable around 0.8 mm/s,
peak 0 in Figure 3a, indicating another local configuration of Fe.
For the different crystal sizes of 300, 70, and 25 nm, the areal
fraction of peak 0 is approximately linear with the inverse of
crystal size (Figure 3b) but independent of composition. Such a
scaling is consistent with the presence of Fe3þ at crystal surfaces,
Figure 1. (a) SEM image of 25 nm Li0.5FePO4 showing agglomeration
into larger secondary particles. (b) TEMdark-field (DF) image of 25 nm
Li0.5FePO4 showing internal crystal sizes in the range of 2030 nm.
(c) XRD of 25 nm Li0.5FePO4, obtained with Cu KR radiation.
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which may be too thin or too disordered to give a signature
pattern in XRD.
Figure 4 shows M€ossbauer spectra of 25 nm Li0.5FePO4,
measured at temperatures from 25 to 210 C. Upon heating, a
gradual decrease of the EQS is visible in the spectra, starting
around 145 C. For samples with larger crystals, this change of
M€ossbauer lineshapes with temperature was not observed for
two-phase LixFePO4 at any composition x, although the solid
solution phase of LixFePO4 shows similar behavior at slightly
higher temperatures.33
Figure 5 presents distributions of EQS energies, EQ, fitted
from the data of Figure 4 with themethod of LeCa€er andDubois.
As in the study of bulk crystalline LixFePO4 by M€ossbauer
spectrometry using Le Ca€er's method,33 peaks 1 and 2 corre-
spond to Fe3þ and Fe2þ, respectively. Although these two peaks
change shape at temperatures above 145 C, the ratio of their
areas is approximately one from 25 to 200 C, as expected for a
two-phase mixture with a composition of x = 0.5. The areal
fraction and center of peak 0 (EQ= 0.7 mm/s) for surface Fe
3þ
stays almost constant with temperature from 25 to 200 C. This
lack of temperature sensitivity is consistent with the observation
that the crystallite size determined by XRD did not change after
heating the sample in this temperature range.
Figure 5 shows that the two major peaks shift to smaller EQ
with increased temperature, particularly peak 2 for Fe2þ. These
two peaks were fit to two Gaussian functions to obtain averaged
values of EQ for Fe
2þ and Fe3þ at each temperature, and results
are shown in Figure 6a. The difference between the EQmeasured
at elevated temperatures and at room temperature, ΔEQ, is
graphed versus 1/T in Figure 7a. The Arrhenius behavior gives
an activation energy for Fe3þ of 410meV, which is larger than the
330 meV obtained for Fe2þ.
The ISs were in the range of 1.01.4mm/s for Fe2þ and in the
range of 0.40.8 mm/s for Fe3þ (Figure 6b). These are typical of
high-spin configurations for both valences of Fe (S = 2 for Fe2þ
and S = 5/2 for Fe3þ). At higher temperatures, the IS of Fe2þ
decreased, but it increased for Fe3þ, so the ISs became more
similar. The formation of the solid solution phase stopped us
from acquiring data above 230 C, limiting the upper range of
Figure 6b. The ISs for bulk Li0.6FePO4, on the other hand, are
independent of temperature. The Arrhenius behavior of the ISs
(Figure 7b) gave activation energies of 400 and 420 meV,
essentially the same, for Fe2þ and Fe3þ. By fitting directly the
plot of ΔEIS versus 1/T in Figure 6b, the activation energies for
the IS dynamics of both Fe2þ and Fe3þwere about 400meVwith
a prefactor of 1.0  1011 Hz.
’DISCUSSION
M€ossbauer spectrometry has a characteristic measurement
time of τ = h/ε, where ε is the energy width of the nuclear
resonance line, or the hyperfine interaction energy that gives rise
to the EQS or IS (for 57Fe, ε = (v/c)14.41 keV, where v is the
Doppler velocity and c is the speed of light). Values of τ from
several nanoseconds to 100 ns give measurable effects in
M€ossbauer spectra, and we use this feature to study thermal
fluctuations of charge dynamics in LixFePO4.
If electrons are thermally excited to a higher energy level on a
57Fe atom, a widely used theory of Ingalls37 predicts a change in
EFG from the anisotropy of the 3d orbital charge distribution of
Fe2þ. A high-spin configuration of Fe2þmay have each of its first
five 3d electrons occupying one d orbital, giving a spherical shell
and no variation of EFG, but the sixth 3d electron has prob-
abilities of occupying different orbitals, causing an EFG. With
thermal energy, this sixth valence electron changes between these
Figure 3. (a) EQS distribution P(EQ) of LixFePO4 with different crystal
sizes, from the spectra of Figure 2. (b) Areal fraction of peak 0 with different
crystal sizes, obtained by integrating the intensity below 1 mm/s in panel a.
Figure 2. Room temperature M€ossbauer spectra of two-phase mixtures of
heterosite and triphylite in materials with 25 nm crystallites. (a) Li0.65FePO4,
(b) Li0.5FePO4, and (c) Li0.35FePO4.
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levels, and the charge distribution of Fe2þ appears more isotropic
on the time scale of the M€ossbauer effect, reducing the EFG.
Ingalls theory predicts no such effect on the EFG for Fe3þ, which
has one electron in each 3d orbital. Nevertheless, we do observe a
thermal reduction in EFG for Fe3þ. Furthermore, we also see a
change in the IS, indicating fluctuations of charge at 57Fe
atoms.32,33 For these two reasons, we discount the Ingalls theory
for the main effects observed for LixFePO4.
Thermal fluctuations of both the EQS and the IS with increased
temperatures are consistent with electrons hopping between FeO6
octahedra, switching them between Fe2þ and Fe3þ configurations.
Several previous studies reported this behavior in mixed-valence
materials.2830,38 At low temperatures, Fe valence electrons move
infrequently between two corner-shared FeO6 octahedra, and the
M€ossbauer spectra sample a static charge configuration when
the electron dwell time is longer than the 100 ns lifetime of the
57Fe nuclear excited state. The electron dynamics are faster at higher
temperatures, and when valence electrons move between iron ions
more frequently than 100 ns, the EFG is reduced because the ion
appears more symmetrical on the time scale of the measurement.
Likewise, the IS does not distinguish so clearly the Fe3þ and Fe2þ
valences when charge is hopping rapidly. (In the high-temperature
limit, not achieved in this investigation, Fe3þ and Fe2þ become
indistinguishable by M€ossbauer spectrometry.)
Our previous work on two-phase mixtures of LixFePO4 with
larger crystals and compositions x = 0.8, 0.6, 0.45, and 0.3 showed
little temperature dependence of the spectra in the temperature
range from 25 to 210 C.32,33 For the nanocrystalline materials of
the present study, the temperature variation of the EFG was big
enough to determine activation energies for Fe3þ of 410 meV
and Fe2þ of 330 meV. These are smaller than for bulk materials
prepared as solid solutions,33 where similar analysis gave activa-
tion energies for Fe3þ of 570 meV and Fe2þ of 510 meV. From
previous measurements of electrical conductivity or AC
Figure 4. M€ossbauer spectra of 25 nm Li0.5FePO4 at elevated tempera-
tures. Solid lines show fits from the hyperfine field distribution obtained
by the method of Le C€aer and Dubois.34
Figure 5. EQS distribution P(EQ) of 25 nm Li0.5FePO4 vs temperature,
obtained from the spectra of Figure 4.
Figure 6. (a) Values of EQS energy EQ (mm/s) obtained from Figure 5,
corresponding to Fe2þ and Fe3þ. (b) Values of IS energy EIS (mm/s) of
Fe2þ and Fe3þ vs temperature, from fitting M€ossbauer spectra of
Figure 4, plotted together with EIS of Fe
3þ and Fe2þ in the bulk
Li0.6FePO4.
32 The effect from the second-order Doppler shift was
subtracted. Solid lines show fitting of the Arrhenius relation between
IS and temperature, with an activation energy of about 400 meV and a
prefactor of 1.0  1011 Hz.
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impedance spectroscopy, the reported activation energies for
electron mobility in LiFePO4 varied over a wide range from
150 to 750 meV.26,3943
The dynamics of the thermally activated IS fluctuations originate
with small polaron hopping and give detailed information about
charge mobility. For a prefactor of 1.0  1011, obtained from
constants in eq 1, and an activation of 400 meV, we obtain hopping
frequencies at 25 C of about 2.8  107 Hz. Using the
NernstEinstein relation, the polaron hopping rate can be con-
verted to electrical conductivity, giving 1.4 107 S/cm at 25 C.
We find a lower activation energy for the EQS broadening for
Fe2þ than Fe3þ, 330 vs 410 meV. The activation energy for the
EQS of Fe3þ is essentially the same as for the IS, consistent with a
common origin in small polaron hopping. The Ingalls explana-
tion would perhaps lower the activation energy for the EQS of
Fe2þ, but we suggest this lower activation energy may originate
with neighboring Liþ ions or vacancies. This coupling was
suggested in previous work25,31 as an extra binding energy barrier
added to free polarons, but this idea was discounted by others.26
If a Liþ ion were in a static position near one of the two Fe sites of
the polaron hop, it should bias the nearby Fe toward Fe2þ,
making a higher barrier for the electron to leave this site than to
return. Although this site may spend more time as Fe2þ than
Fe3þ, the other Fe site has the opposite trend, so M€ossbauer
spectrometry cannot detect a difference in the fluctuation times
of Fe2þ and Fe3þ. On the other hand, if the Liþ ions were
performing diffusional jumps at rates comparable or faster than
the polarons, it is possible that M€ossbauer spectrometry could
detect a difference in the fluctuations of the EFG at Fe2þ and
Fe3þ. The effects are expected to be larger at Fe2þ ions, which are
more likely to have Liþ ions in their vicinity, possibly explaining
the lower activation energy for the EQS at Fe2þ.33
With decreasing crystallite size, LixFePO4 will have more
crystal surfaces and perhapsmore grain boundaries and interfaces
between heterosite and triphylite phases. Approximately, redu-
cing the average crystal size from 300 to 25 nm could create 12
times more interface area. M€ossbauer spectrometry shows a
spectral component of small EQS that likely originates with
Fe3þ ions at crystal surfaces. The fraction of peak 0 in the
spectrum (Figure 3a) increases from 6 to 14% when the crystal
size decreases from 300 to 25 nm, approximately consistent
with an increase of Fe3þ on the surface layer over a charac-
teristic thickness of one unit cell. There has been much
interest in the thermodynamics of surfaces for nanoparticles of
LixFePO4.
9,17,20,44 A shell at the crystal surface enriched in Fe3þ
and having an altered structure could play a role in the kinetics of
lithiation. This shell may also affect the stability of the crystal
against transformation to another phase. Surface effects were
suggested as a possible reason for the kinetic stability of the solid
solution phase of nanocrystalline LixFePO4 at low temperatures.
22
’CONCLUSION
Nanocrystalline Li0.5FePO4 powders were synthesized by
solid-state reaction followed by ball milling. X-ray diffractometry
showed them to be two-phase mixtures of Li-rich triphylite and
Li-poor heterosite with characteristic crystal sizes as small as
25 nm. M€ossbauer spectrometry showed a spectral component
from Fe3þ that increased with the inverse of crystallite size,
correlating to the amount of crystal surface. M€ossbauer spectro-
metry also showed a decrease with temperature of the electric
field gradients (EFG) at 57Fe3þ and 57Fe2þ nuclei in nanocrystal-
line Li0.5FePO4, a behavior not seen in two-phase materials with
larger crystal sizes. The ISs of Fe3þ and Fe2þ showed a similarly
anomalous temperature dependence, merging together with
temperature as is characteristic of valence fluctuations because
of small polaron hopping between FeO6 octahedra. Both IS and
electric quadrupole effects indicate a fluctuation time of order
10 ns at a temperature of order 200 C. The activation energies
for the IS fluctuations were approximately 400 meV, and the
activation energies for the EFG fluctuations were 410 meV for
Fe3þ and 330 meV for Fe2þ. The activation energies are lower in
these 25 nm nanocrystalline materials than reported for compar-
able two-phase bulk materials, indicating a higher intrinsic
electrical conductivity.
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